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FOREWORD

High water and waves accompanying storms of hurricane intensity
have periodically caused great damage along the Atlantic and Gulf
coasts of the United States. Damage figures have risen with each
succeeding great storm as more and more development of the shore areas
has been made, reaching, for example, an estimated 200 million dollars
in the Narragansett Bay area, including Providence, Rhode Island, for
the 1954 hurricane Carol., Adequate, and economic, design of shore
structures to prevent or mitigate this damage requires accurate pre-
diction of water levels for any possible future storm. Complete under=
standing of the development of storm surges along an open coast has not
yet been realized. Certain simplifications and assumptions may be made,
however, and these lead to various possible solutions. One such solu-
tion for determining the dynamic storm tide potential is given here,
based on a simplified hydrography (vertical slopes at shore and deep
ocean and a gradual straight-line slope between), one dimensional linear
hydrodynamic equations, constant storm speed, approach perpendicular to
the coast, boundary conditions of zero flow at the shore and zero flow
and elevation initially at the ocean edge, and consideration of wind
stress only. The equations are solved by the method of characteristics
and are applied to the Narragansett Bay area. Similar application to
other areas may be made, however, if the same offshore depth ratio
(0.1) applies,

The report was prepared at the Agricultural and Mechanical College
of Texas by Robert O. Reid, an Associate Professor at that institution,
in pursuance of contract DA-49-055-Civ-eng-56-4 between the Beach
Erosion Board and the Texas A & M Research Foundation. The report is a
result of work sponsored by the Corps of Engineers as a part of its
responsibilities in hurricane damage prevention, as outlined in Public
Law 71, 84th Congress. Funds were supplied through the New England
Division of the Corps as a part of a comprehensive study of hurricane
prevention for the southern New England shore.

Views and conclusions stated in this report are not necessarily
those of the Beach Erosion Board.

This report is published under authority of Public Law 166,
79th Congress, approved July 31, 1945,
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APPROXIMATE RESPONSE OF WATER LEVEL ON A SIOPING SHELF
TO A WIND FETCH WHICH MOVES DIRECTLY TOWARDS SHORE

by
R, 0, Reid
Associate Professor of Oceanography
A, & M, College of Texas
College Station, Texas

ABSTRACT

The following report describes a procedure for evaluating
the approximate response characteristics of water level at the
shore of a sloping shelf due to a wind fetch moving directly
onshore, The theory is based upon the linear one=dimensional
wave equation and employs the méthod of characteristics as a
means of solution by graphical technique, A total of about
55 separate cases for different values of fetch length and
storm speed were investigated mumerically, and the primary
results are summarized in graphical and tabular form,

I. INTRODUCTION

The problem of selecting a design storm upon which to base detailed
computations of storm tide requires a knowledge of how different storms
will affect the water level for the location concerned, One can certain-
ly gain some idea of the water level response from empirical data, How-
ever for any single location, the number of situations involving storm
tides of hurricane proportions is definitely limited, and the information
is usually not sufficient for the selection of those storm conditions
which will be most severe, The New England area is a case in point,
Moreover, if one examines the water level data from several different
locations for the same storm, it is difficult to separate the direct
effects of the storm from the special influences of the local topographic
conditions in the vicinity of the different tide recording stations,

The alternative is to look to the hydrodynamic equations governing
the generation of the storm surges, The exact equations are so compli-
cated that a complete mathematical solution, capable of dealing with
any storm condition, is outside the realm of practicality. Yet we need
numerical results for a wide variety of storm conditions in order to
make it possible to select the most severe,

Obviously a compromise is necessary, A number of different special
theories for the generation of storm surges exist in the literature,
However very few of these seem to be applicable to the New England situa=-
tion, Most of the special theories deal with water of constant depth,

An exception is the edge-wave theory, However the latter is difficult to



apply for a large variety of storm conditions, In fact the labor
involved in the determination of numerical results from most of the
existing special theories makes their use practically prohibitive,

The use of a storm tide potential such as that suggested in'a pre-
vious technical report (Reid and Wilson, 1955, pp. 5-=7) takes bottom
slope into account but is evidently applicable only for quasi=station=-
ary storms, since it is based essentially upon the static set=up
equation, What is needed is a rapid method for evaluating the approxi=-
mate storm tide which will take into account bottom slope and dynamic
effects related to the movement of the storm, The method must be
rapid enough that a large number of cases can be evaluated, Different
combinations of fetch lengths (storm size) and storm speeds, as well
as different wind and pressure distributions need to be investigated,
The prime requirement of the method is that it lead to calculated
storm tides which are in reasonable accord with observations, The
advantage over purely empirical findings being that the definition of
a complete response diagram is possible,

In the present report an approximate procedure for the evaluation
of storm tide is outlined, This is based upoh the simplified, linear,
one=dimensional equations of motion, and utilizes the method of charac=-
teristics as the tool for solution, The numerical results are obtained
essentially by a simple graphical integration procedure, This procedure
takes bottom slope into account, and is capable of dealing with most
any distribution of onshore components of wind speed or atmdspheric pressure.
In the analysis to date only the wind-driven surges have been examined,
Furthermore, in order to facilitate the interpretation of the results,
the shape of the wind stress distribution was the same in all cases,
However, different combinations of the fetch length and speed of prop=-
agation of the storm were examined, Purthermore the effect of the wind
intensity is readily taken into account by employing a dimensionless
form of the basic equations,

The results of computations for the approximate storm tide at
shore, for a bottom topography approximating that of the continental
shelf off Narragansett Bay, are presented in the form of a response
diagram, This gives the estimated maximun water level associated with
a storm of a given maximum wind speed, fetch length, and speed of
propagation, In all cases the storm is considered to be moving directly
towards shore (path perpendicular to the shore), Some sample curves
of the variation of computed water level with time are presented for
comparison with observations, In addition some further refinements of
the method are indicated,

The resulting estimates of water level by the present approximate
theory are not considered sufficiently accurate for use in design
calculations, since various effects such as those related to finite
storm width, dissipation of energy by bottom friction, and local topo=-
graphic irregularities are not considered, However the response diagram



from the present development does give a rational criterion upon which
the selection of the design storm can be based, The predictions of
water level from the response diagram presented in this report should
therefore be referred to more appropriately as the "dynamic storm=tide
potential*, Values of this potential have been computed for the hurri-
canes of September, 1938, September, 1944, and August, 1954 (Carol),

ITI. METHOD OF CHARACTERISTICS

1. The Presumed Equations of Motion,

The following linearized differential equations of motion and
continuity are taken as the starting point in the simplified one=dimen=
sional water level problem:

(L 3Q , endM | T _h 3
at ox p P ox
(2) 37 . 2Q .
at Tox - ©

where x is the horizontal coordinate taken normal to shore, t is time,

g the acceleration of gravity, p the density of sea water, and h is the
mean depth of water at position x, The quantities T and p_ are consid=-
ered as prescribed functions of x and t, representing respe%tively the
wind stress in the x direction and the sea level atmospheric pressure,
The quantities 7) and Q are the basic unknown functions of x and t,
representing respectively the anomaly of water level above the predicted
astronomical tide and the volume transport in the x direction through a
vertical section of depth h and unit width transverse to the x=axis,

The mean current associated with the forced surge at position x and time
t is simply Q/h,

These equations represent an obvious simplification of the real
problem, since two-=dimensional effects associated with finite storm width,
longshore winds, and variation of bottom topography parallel to shore are
not considered, Furthermore bottom friction and non-linearity, associa=-
ted with large water level changes, are not included, However for storms
of large width parallel to shore and for conditions wherein 7 is smaller
than h , the above equations can lead to reasonably realistic results,

2, Bottom Topography.

The mean bottom topography of the continental shelf in the vicinity
of Narragansett Bay can be approximated by a uniform slope out to about
84 nautical miles from the mouth of the Bay, The depths along four
equally spaced N=S lines between Montauk Point and Martha's Vineyard are
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plotted in Figure 1, The slope near shore and at the edge of the shelf
is so much steeper than that of the continental shelf that for practical
purposes the bottom topography can be approximated by the full line

which has been fitted to the points, For convenience in the mathematical
development, the zero reference for x is taken inland from the coast
such that

(3 h = mx for xof_xgxl,
where x is the mean position of the shore line and x is that of the
edge of fhe shelf, The effective depth at shore will bé denoted by h
and that at the edge of the shelf by h, ., The width of the shelf

(x, = xo) will be denoted by L , Fo% the present case the appropriate
values are

1/1580

9,33 nautical miles

36 feet m

1 360 feet X,
84 nautical miles X,

F =
Q
]

03,3 nautical miles

and

x,/%, = h /h; = 1/10

3, Transformation of the differential equations,

It is convenient to introduce the following dimensionless variables

r~ .
(i) y = Vx/xl
(ii) t* = t/T
NC VY
(iii) Z =

(4) ﬁ (iv) Y = ———Q——:_
v /vy
- P
(v) f = sLiX _ h -;3-} (£f>0: onshore stress)
s Le P

k (vi) Y=1 -\ ho/h1



where

(i) T = L/C
() ﬁ (i) c, =\sho
(iii) Cy =\gh,

L (iv) C = 1(Cy + C)

The quantity \/gh represents the velocity of progress of free, long waves

for a depth h . The quantity T is simply the travel time for a free, long
wave to cross the shelf, i.e.,

6) % |
T= dx
[
Xo

where h is taken as mx . The guantity U has the dimensions of velocity
and can be selected such that the maximum value of f is unity for conveni-
ence in analysis. Thus ue represents the maximum absolute value (or ampli=

tude) of the driving force term in brackets on the right hand side of
equation (1).

By taking h = mx and making use of the transformations of equations(4i)
to (4vi) it can be shown that equations (1) and (2) are rendered in the
form:

o L, ylaz _1zl|,_ e
(7 a?.+)’ y “}- y f
SZ 9y , 1Y
(8) 9Z ,y(2¥ 1X¥l. 0
ar 'V oY 27]

The functions Y and Z which satisfy these equations will be referred to
hereafter as the "exact" solutions. It is possible to evaluate exact solu=
tions for a few limiting cases, For example if the driving force f is
identically zero then the exact solutions for Y and Z can be expressed res=
pectively in terms of Bessel functions of zero order and first order in the
argument y; and the time dependency is simple harmonic., Such solutions
represent shelf seiche phenomena of simple one-dimensional type. As a
second example the situation of steady state response to a sustained uni-

form driving force leads to a simple exact solution for Z involving the
logarithm of y.




In the general case where f is neither uniform nor steady, the
exact solution of equations(l) and (2) is extremely complicated. To
facilitate the solution in order that a wide variety of forcing functions
can be dealt with, a method of successive approximations can be used. 1In
the present report we will be concerned primarily with the first approxi=-

mation for Y and Z. We obtain such an approximation by dropping the terms

Z/y and Y/y compared with 0Z/ py and 9Y/ 5y respectively in equations
(1) and (2). 1In the case of free seichemotion (f = 0) this implies that
space dependency of Y and Z is expressible in terms of sin and cos func=-

tions involving the argument y. In fact the first approximation solutions

are simply the asymptotic forms of the exact Bessel function solutions of

equations (1) and (2), which apply if yo is sufficiently large. This implies

that if the quamtity\/hgh, is not too small then the first approximation
solution is not too greatly different from the exact solution, Later in

the report, accuracy of the first approximation is examined for two special

Cases,.

4. The Method of Characteristics Applied* to the First Approximation

Eguations.

The first approximations for Y and Z are those functions satisfying
the equations

(9 +y Q% =y
oy
(10) %—5 + )’-é- )

The sum of equations (9) and (10) gives
(11) a,.(v+2) +Y———t¥+2) y~/%¢
while the difference of (9) and (10) yields

S (Y7 e Y (Ya7) = —y—72
(12) EH'(Y Z) )’ay(Y Z) Y f

Equations (11) and (12) can be written in a more usable form as follows:

_d = - —-1/2 d—!— —
(13) ar (Y+2) y f, for ar Y
= y-l/2 ay _ _
(14) c" —(Y-2) y ‘°f, for pre Y

* For a general discussion of the method of characteristics and its applica-
tion see for example Freeman (1951),

7



A path in the y , t' plane having the slope £ 7Y is called a characteristic
curve and the values of Y  Z along such lines are governed by the forcing
function and initial or boundary conditions. Those characteristics whose
slope is positive are referred to as the positive characteristics, while
those with negative slope are referred to as negative characteristics.

Free Waves: In the case of free waves (f = 0), eguations (13) and (14)
imply that

(15) Y + Z = constant, along Y _ y
dt’

(16) Y - Z = constant, along dy . _ vy
dt?

Consider any positive characteristic A which passes out of the shaded region
from point P, in Figure 2-A., If we assume that the water is initially un=-
disturbed and at rest between O and E then Y and Z must be zero along the

y axis up to point E. Consequently from equation (15).

(17) Y+ z =0 along A,

Now consider a negative characteristic which emanates from point P, in the
region offshore where a disturbance exists (Y; and Z; not zero). At the
intersection point P, we must have Y =-Z by equation (17). Consequently
equation (16) yields

(18) 22 = (21 - Y1).

This holds for any point P on the characteristic B between the two dashed
characteristics lines. Consequently

(19) Z = constant along B from M to N,

for a free distrubance, 1If we consider that point P; represents the crest
of the disturbance (wave) at t = 0, then its position at any other time will
be determined by the characteristic line B. The value of Z remains constant
along this line, but in view of eq. (4iii)* 7 will vary as y~/2 and hence
the height of the free wave will increase towards shore like h~1/4. This
result is consistent with Green's law (Lamb, 1945, pp. 274-5) for the ampli-
fication of a free disturbance of long wave length on a gradually sloping
shelf, and can be derived independently from energy considerations.

To the left of point N, assuming that a sea wall exists at the position
Yo » reflection will occur and the free wave is therefore modified.

* In the case of free waves U must be regarded as some arbitrary constant
different from zero,
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Forced Waves: The special case of free waves was discussed primarily
for the purpose of demonstrating that the method of solution as applied to
the first approximation equations does lead to a commonly accepted relation=
ship. In the case of forced waves the situation is not nearly as simple,
however the method of characteristics still allows a direct approach.

Consider now the x', t'=diagram (x' = x/xl) shown in the upper part
of Figure 2=B, The selected bottom profile is shown in the lower diagram.
In the x', t'=diagram the characteristic lines are parabolas with a vertex
at the position x* = 0 (see line A-A', vertex at point J). This can be
seen from the relation

dy
0 — = +
(20) prroies Y

which upon integration and using equation (4i) yields

1) vVx =+ Yt+ const

The travel time of a free wave across the shelf is T ; consequently the
value of At from (a) to (b) along characteristic A is unity, This
determines the characteristic curves uniquely. The change in slope of the
characteristics on the x' , t'=diagram is related to the change of the wave
speed /gh.,* The curved characteristic lines in the x', t'=diagram are
simply transformations of the straight characteristic lines in the y, t'=~
diagram. The x' , t'=diagram is more convenient in respect to plotting the
wind field for a storm which travels at constant velocity.

Suppose a storm with finite fetch is moving at constant velocity V
across the shelf (upper shaded area Fig. 2-B)., The time origin is taken
such that the beginning of the fetch is located at the edge of the shelf
at t = O as shown., Outside of the fetch area the value of f is considered
negligible, Thus at t = 0 we can consider that the values of Y and Z
are zero (hydrostatic equilibrium)., The first disturbance (of negligible
magnitude) will be propagated along the characteristic A , so that if
V<C (as is the case shown in Fig., 2-B) then there will be no disturbance
within the lower_shaded area. The reverse situation is shown in Fig. 2-C.
In this case V>C so that the region of no disturbance on the x', t'=
diagram is now delineated by the x' -axis and the beginning of the fetch
area.

Returning now to Fig., 2-B, it should be pointed out that a disturbance
created at the edge of the shelf (x' =1) will arrive prior to the_beginning
of the fetch at other positions on the shelf since for this case C>V,

Thus the water level at. shore will start to change before the storm arrives,
if the latter is traveling slower than the average free-wave velocity on
the shelf.

* Note that since the t' axis is along the ordinate, large slopes
represent small velocity and vice versa.



If the storm is not moving with constant velocity across the
shelf then the leading edge (and end) of the fetch will appear as
curved lines on the x', t'-diagram. Furthermore isolines of f can
be constructed within the fetch area to give a quantitative description
of the rforce field.

5. Boundary Conditions.

Before we can embark on a discussion of the method of determining
the water level at shore it is necessary to choose suitable boundary con-
ditions at shore and at the edge of the shelf. The conditions utilized
in most of the calculations summarized in the latter part of the report
are as follows:

1}
n

(i) Z=0 at x = x3 (edge of shelf)

(22)

(ii) Y=0 at x

fi
i

Xo (shore)

The first of these is valid only if p; is uniform and if the depth of the
ocean beyond the edge of the shelf is sufficiently deep such that the wind
stress has negligible effect for x'>1, The second condition stipulates

that no flow of water occurs across the shoreline., Both of these conditions
are obviously approximations, but are probably consistent with other approxi-
mations in the present theory. More realistic conditions can be utilized;
(one such modification for the edge of the shelf is discussed in a later
section). However the above conditions are considered adequate for the
present analysis of the approximate water level response.

6. Determination of the Forced Water Level at Shore.

Returning to equation (13) it can be seen that along the positive
characteristic B of Fig 2-B

'l
= -1/2
(23) Y+ Z=- ‘jf (y flg dt' + ¥, + 2,
(o

where the integration is carried out with respect to t' along the line B,
Now Yo = Zo = 0, so that at point Py (time ¢t;'), the value of Y is
given by

t,

(24) Y, = -d/f}y-l/zf)n dt*
[¢]

since Z; = 0 by boundary condition (22i). For the negative characteristic
C we have from equation (14)



f.
(25) . Y-2-= -[(y"llzf)c at' + Y; - 23

ﬂ

where the integration is carried out with respect to t' along the line C.
At point P, (time ¢€;' + 1) we have for the value of Z at shore

1) +1
(26) Z(xo', t1' + 1) = d/f_ (y"V2£)¢ at* - v,
h

since Y, and Z, are zero according to the boundary conditions. Combin=-
ing equatlons *24) and (26) yields:

t ; h+l

27) Z(xo%; t1" + 1) = (y~V/2£)p dt* «+ (y~1/2€)¢ ate
0 1;

If the same procedure is carried up to time t;' + 3 along character-
istics D and B (Fig. 2-B) we find at the shore:

h+2 t+3
(28) Z(x,*y ty' + 3) = J//.(y’lfzf) dt* + y//ﬂ (y'l/zf) dt' = Z(xp',t1"' +1)

For the special case of Fig., 2-B, the second integral in equation (28)
vanishes since the characteristic E lies wholly outside of the fetch area on the
x*, t*-diagram,.

If we proceed two more units of t*' we find that at shore;

(29) Z(x 'y t; + 5) = Z2(xa", t1* + 3)
for the situation of Fig, 2-B. Again for two more time units

(30) Z(xo'. ty* + 7) = Z(x0", tl' + 3)
Now if t;*' dis chosen as any value between zero and unity it is possible
to evaluate Z(x_ ', t*) for all t' by successive application of this method.

The values of Z(x,', t") for the situation of Fig. 2~-B will proceed
from zero at time t' = 1 to a maximum (assuming. f positive) somewhere
between times d and e , and for t'>e , the water level will oscillate
as a seiche with period At' = 4(At = 4T)., It is possible with just the
right combination of fetch length and speed to have virtually no seiche
after the storm has moved inshore. In other cases the seiche amplituae
may be nearly the same as the first maximum attained during the passage of
the storm. Later considerations disclose that the description of the seiche
or resurgences by the present theory is less reliable than the estimation
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of the first maximum, Furthermore the forced maximum water level is
the highest. Consequently most of the attention has been focused upon
the latter in the analysis work.

7. The Model Fetch.

In the present analysis p, was considered uniform in the first
approximation, The effect of non-uniform atmospheric pressure might be
accounted for approximately by adding to the wind-induced water level
a value equal to the deficit of pressure from normal (expressed as a head
of water). Usually this will not amount to more than two feet, while the
wind=-induced head at shore can be as great as 10 to 15 feet., Of course the
astronomical tide must be added to the wind=-induced water level as well,

As a working model the forcing function was taken as

(31) f =1 -% IXI . for |X|$§
£f=0 , for |x|_:3§

where

(32) X=x+tVt-x -5,

F being the fetch length and V the shoreward velocity of the storm.
This distribution is shown schematically in Fig. 3-A., The feitch length
is shown in dimensionless form as F/x_ , the half fetch length in dimen=-
sionless form being denoted by @, thﬁs

E

(33) 2Q, = %1

We can rewrite equation (31) in the form

1] a
(31-ii) ( f=1-3-° R Y |a[$ao
1 f=0 » for |a|z ag
where
(34) @ =x"+vt' =1~ a,
and
(35) V=Er-=—‘f-=!
X, l|c
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Since the gradient of p, is neglected, the quantity P U%f is
simply the wind stress in the negative x.-direction (towards shore).
Thus U is the maximum value of T/P in the fetch. The working model
for f (hence T/P) is compared with the form of the wind stress distri-
butions for three actual storms (Figs. 17, 18, and 19)., These are dis-
cussed in a later section, It is sufficient to say at this point that
the linear distribution of the shoreward component of wind stress seenms
reasonable, at least for the first three-~quarters of the fetch.

8. Graphical Integration Technique,

The method of evaluation of the integra.s in equations (27), (28)
etc. is illustrated in Figure 3-B. For each @, investigated, a field
of G, where

(36) G = y~V2f,

was constructed., 1In all of these graphs the value of xo'(=hy/h;) was
taken as 0,1 which applies to the New England shelf region (off Narragansett
Bay), The isolines of G are spaced linearly along any ordinate but the
peak values along the ridge line (dashed line in Fig, 3-B) vary as y“l/z
or (x/xl)‘l/4 from unity at x' = 1 to 1,78 at x' = 0,1,

Consider the characteristics B emanating from the lower shaded
area and its reflected image C , According to equation (27) the value
of Z at shore for point P is equal to the combined integrals with
respect to time along the paths B, C. This integral is obtained as
follows: the intersections of the isolines of G with the characteristic
path are projected horizontally onto the auxiliary graph of G versus
t?' at the appropriate value of G . These projected points delineate a
curve D , the area between this curve and the t'-axis being proportional
to Z, If A is the area in square inches and M) and My are the scale moduli
in inches, for the t' and G scales respectively, then for point P

(37) Z= A

In the calculations the areas were evaluated by use of a standard
planimeter measuring directly in square inches., All areas were constructed
on transparent overlays applied to the basic grid (given @p). Different
storm speeds were investigated by varying the modulus My of the character-
istic curve. A standard set of such curves were constructed as templates
in order to facilitate the graphical work, and these could be applied for
any basic grid. Values of v were determined for each case from the
formula

(38) v = 0.9M; or ; . M
M3 C M3



where M; is the scale modulus for the basic grid (see Fig. 3-B). Sample
plots of G and corresponding Z values for the case of F = 2L, V = C
are given in Fig. 21,

A total of 55 different combinations of F/L and V/C were investi=
gated, Of these cases 27 were studied in detail in order to determine the
entire history of Z at shore from its initial zero state up to the maximum
and to the beginning of the seiche phenomenon. Each of these cases re-
quired about ten to fifteen graphical integrations of the type discussed
above in order to define the curves adequately. In the remaining cases
only three or four integrations were carried out in the general region of
the maximum Z in order to define the value and time of occurrence of the
latter,

Figure 4 shows the variation of Z at shore versus t' pertaining to
five different fetch lengths* for the selected storm speed of V =C
(v = 0,9). On this graph and hereafter in the report, the value of 2Z at
shore is designated as Zo, The beginning of the seiche is shown for the
cases F/L = 0,5, 1,0 and 2.0, The time of passage of the front of the
fetch at shore for all five cases in Fig. 4 is t' = 1, since for these cases
V=T . The times of passage of the end of the fetch (tg') at shore are

F/L: 0.50 1.0 2,C 4,0 8.0
te': 1.50 2.0 3.0 5.0 9.0

The time (t;') of maximum Z; and the time (ty') of passage of the maximum
wind are listed below for these same cases,

E/L: 0.5 1.0 2.0 4,0 8.0
tln.: 1.25 1.6 2.1 3.1 5.0
t,'t  1.25 1.5 2.0 3.0 5.0

Thus for these cases the maximum Z_ occurs near the time of maximum wind at
shore, The particular case of F/L = 4,0, V/C = 1 gives a maximum Z, of
1.84 which is the highest for all of the 55 cases 1nvest1gated

Figure 5_shows the time variation of Z, associated with eight differ-
ent values V/C. The fetch length_in all of these cases is the same F = 0,5L
(2@, = 0.45), The curves for V/C = 0.2 and 0,16 show the seiche phenomena
clearly. The situation for small values of V/C looks rather curious in that
the maximum do not descend uniformly with decreasing V/C as might be antici=-
pated. The phenomenon is evidently not a result of errors in calculation
since the same effect occurs for other fetch lengths, and appears to be related
to the shape of the f distribution selected for the present study.

* The relative fetches F/L are indicated on the figure rather than @
For the shelf off Narragansett Bay L is about 84 nautical miles. It will
be recalled also that t' = t/T and T is about 2 hours.
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III. LIMITING CASES

1, Steady State.

The method of characteristics as applied to the case of small v
requires a great many graphical integrations and therefore becomes im=
practical. The limiting case of v = O can be analysed by a different pro-
cedure using the steady state differential equations, and serves as a
useful control, PFurthermore this is one case for which the exact solution
is easily determined,

Returning to equations (7) and (8) we have for the special case of
steady state

(39) Z 1 Z -
Y (5 -3 ) =y

and Y must be zero in order to satisfy equations(8) and (22ii). For the
first approximation, equation (39) reduces to

(40) Y %% = - y'l/zf (1st approx.)

while for the exact case we can write (39) in the form

(41) Y g; (yV2%2) = - y7lf (Exact)
The solutions are respectively:
!
(42) Zo = %//ry-VZ £ dy (1st approx.)
Yo |
(43) Zo = _1;77 y(',/Z/y_'fdy (Bxact)
Yo

Values of Z, for different positions of the fetch were determined from

both equations, by numerical integration, This was done for six different
values of @g . The maximum values of Z, for each of these cases are plotted
in Fig. 6 (all values apply for hg/hy = 0,1). The notation Zy is used to
denote the maximum value of Z at shore.

In the limiting case of very small @, the maximum Z, is obtained
by taking y = y, and

(44) ﬁdy : 2—'y—ﬁdx'
0

The maximum value of the integral on the right is simply a,so that equations
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(42) and (43) both lead to

(a5) Znm -;;-’,- (-%; )

for very small @ . This relation is shown as the asymptote through the
origin in Fig,. 6,

For the limiting case of very large @p , the forcing field can be
considered uniform (f = 1), and equations (42) and (43) lead to

(46) Iy = é;(l - yol/z) (1st approx.)
2 |
(47) Z, = -L),Yol/ ln";o. (Exact)

The appropriate limiting values of Z, for hg/hy = 0.1 are 1.280 and
0.945 respectively.

The maximum difference between the first approximation and exact
solutions for the steady state case is 0.335 or about 26 per cent of the
first approximation. In the calculation of the final response curves,
ad justments are applied to the first approximation values of Z on the

basis of the steady state curves of Fig., 6. This is the primary use of
the steady state solutions, ’

2. Uniform Wind Field.

The limiting case of a spacially uniform wind field which varies with
time serves as a useful guide for the case of large fetchs The situation of
spacially uniform f should lead to an asymptotic solution of the general
problem (as g@y—»~o00 ) if the time variation of f is selected as follows:

r

(i) g YE' for 0< t' « Qo
a, v
(48) < (ii) f=2-yt', for o t'.200
ado v v
(iii) f=0 , for t' 2a
\ 520

v

The following solution for Z satisfies the first approximation equations
(9) and (10) and the boundary condition (22):

(49) Z = :ﬁ",;' Encos(g-'-'é:—'- 7rt') + B, sin ( 2“2"' 1r1')

+ (2:5:‘[# f(t'ﬂ cos;[znz—-| T (y_;o)]
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where

. _
(50) ko * gyj yV2 sin | B2 g OV | gy
Yo Y

The values of A, and B,, depend upon a@./v and k, and are given by
different expressions for different time intervals as follows:

Time interval An B,
D o< <20 0 -P
V. n
.. a ,_2a g
(51)8 (ii) __VQ_ < t <—79- — 2R sin Bn R (2 coan— 1)
.. . 2(10 3
~'.('11:1) Fo— — 2R, sin Bn(I—coan) 2Py coan(l-coan)
where
. 4kn v
(i) R =
(52) " w2 (2n-1)% ao
5 . a
(ii) Bn=1g—(2n-l)7c'

The first three values of k, as evaluated by numerical integration for
hy/hy = 0.1 are

n kn

1 1,4989
2 | 0,7207
3 | 0.4218

and for large n

S VL
4 (hyhed™ " 507
T (2n-1) " (2n-1)

(53)

F-Y

kp =

Furthermore it can be shown that

(54) o8 2kn o 1/2 | _
2 Tien-n -y Yo Ay < 1.280

for ho/h; = 0.1,
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For the case of v/ @, < 1 the time of maximum Z, can be evaluated
approximately by considering only the first terms (n=1) of the sum in
equation (49).

This leads to the relations

cos(-%f;n+ §)= =

(1) a
\@—4cos%—;9
(55) . Note T
v
—2sin L2 5=
(ii) tan O = 2 vV a, F
a

from which tm' can be obtained. This was used in equation (49) to evaluate
the approximate maximum value of Z at shore (y = y,) for v/ao 1(VI/F =
1/2). The terms involving A, and B, were summed over n = 1,2,3: while

the term involving k, was summed in complete form by equation (54). The
resulting curve for Z, is shown in Fig. 7, (page 19).

As a check, the value of Zpy was evaluated by the graphical method of
characteristics at the point VI/F = 0.5. The resulting value checks that
deduced from the analytical solution at this point. In the graphical pro-
cedure, the lines of zero G are taken parallel to the x' axis since f varies
only with t . These lines are separated by the time interval 4t' = F/VT
(Fig. 3-C, page 14 ). The analytical solution is difficult to apply for
VI/F=0,5 and the remainder of the curve in Fig. 7 was therefore evaluated
by means of the graphical solution. It can be shown readily from the method
of characteristics that for large values of VI/F the maximum value of Z
behaves approximately as

oo (VY
(56) ™"\ h, 2VT

This is the asymptotic line shown on the right hand side of Pig. 7 (for
ho/hl = Ool)o

The striking feature in regard to the curve of Z; is the set of secondary
maxima which occur at the approximate positions

VI/F = ,225/3, .225/5, .225/7,°**°*

while the primary maximum occurs at VI/F = .225. A similar feature was
also indicated in the graphical determinations for the case of F/L = 0.,5.
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IV, HIGHER ORDER APPROXIMAT IONS

1, Equations for the Higher Order Approximations.

The bulk of the computations carried out in the present analysis are
based upon the approximate equations (9) and (10), or their equivalents
(13) and (14), These solutions represent only first approximations of
the exact equations (7) and (8). 1In the special case of steady state
(v = 0) we were able to get the exact solutions to compare with the first
approximation solutiori, It is of interest now to consider higher order
approximations of the Y and Z which satisfy (7) and (8) for the general
situation of finite v and .

In order to be more explicit in respect to terminology, we will let
Y*' and Z' represent the solutions of equations (9) and (10) which satisfy
the boundary conditions (22) and the initial conditions Y' = Z* = O, Thus
Y* and Z' are the first approximation solutions. The solutions of the
exact equations (7) and (8) can be represented in the form:

(1) Y=Y+ Y
(57)

(ii) Z=2% + 2"

where the correction terms Y*' and Z'' are presumably of second order
compared with Y' and Z' respectively. If relations (57) are substituted
into equations (7) and (8) we obtain

EX A\ o az" Y(z'+z") . _ 2
(58) at' YT +)’ + Y == T Ty y
az azu aYu )/(Yl + Yll) 3
(59) ol + S )f TSy i 0

However since Y' and Z*' satisfy equations (9) and (10), the underlined terms
in the above equations drop out, Furthermore if we neglect Z**' compared
with 2Z', and Y'' compared with Y*', in the last terms on the left, we obtain

(60) oyrr g9zt Yz
ot? dy T2 vy

(61) EYALNEYE) A A
at* ' - 2y

These equations are similar to equations (9) and (10), where the first
approximation solutions take the place of a driving force. The natural
oscillations of Y'* and Z'*' in the absence of Y' and Z' have a period of
4 units of t', which is the same as that of Y® and Z'., Since the latter
serve as driving forces for the correction terms, it is apparent that a
resonant condition will exist if Y® and Z' contain a finite seiche of
undamped amplitude. Therefore equations (60) and (61) will lead to
realistic corrections for a limited range of t* only. As long as Y'' and
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Z'" remain small compared with Y' and Z*' up to the time of the first
maximum in Z, the analysis for the correction terms will be of value
since we are concerned mainly with the best determination of the
maximum value of Z for a given situation.

Equations for a third order correction term can be determined in
a manner similar to that of obtaining the second order equations. These
are the same as (60) and (61) with Y'* and Z'' replaced by Y'** and Z%'**
and Y' and Z' replaced by Y'* and 2'', The third order corrections
determined from these equations are added to the first and second to get
better estimates of Y and Z.

The boundary and initial conditions to be satisfied by the second
and higher order correction terms are the same as those for the first
approximation since we have taken Y(0,t*) =0, Z(y;,t*) =0, Y(y, 0) =0,
and Z(y,0) = O,

2. Steady State.

In the case of steady state (v = 0) we do not encounter the difficulty
mentioned above. The equations for the second approximation reduce to

(62) gz*!
oy

Zl

b4

a i
2

and Y'' must vanish in order that the boundary conditions be satisfied,

This case is of interest since we have established the exact solution for
Z in this case and it is therefore possible to see how much improvement is
possible by evaluating the second order correction term to be added to Zt'.

For the case of a steady uniform wind field @o =00 , v = 0) the
first approximation for 2 is given by

(63) S 2 a-yYE,
Y

This reduces to equation (46) when y = y, . If we use this in equation (62)
we find

(64) sz 1 [%n y +2(1 - YL/Z{}
Y

which reduces to zero at y = y; = 1 as required by the boundary conditions,
The third approximation can be established from the equation
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(65) &z!!l _ izl'
oy 2y
which with equation (64) leads to
s L L 2 1 1/2)
(66) A [2( Iny)2 = 2dn 5+ ax -y ﬂ

The values of the first, second, and third approximations at y = Yo (shore)
for the case of hy/hy = 0,1 are tabulated below along with the exact value
of Z at shore from equation (47):

z,' = 1.280

2ot + 25" = 0.876

Zo' * 2"+ Lo = 0,955
Z = 0,945 (Exact)

These values are indicated in Fig. ¢ also., It will be noted that the dis=-
crepancy from the exact value alternates in sign with each successive approxi=
mation, The error of 35.2 per cent in the first approximation is reduced to
7.5 per cent for the second and to about 1 per cent for the third. Thus the
method of successive approximations does seem to converge rapidly for the case
of steady state.

3. Second Approximation for the Case of F = L, V = ng.

One case for a moving fetch with finite fetch length has been investigated.
The case of F/L = 1,0 and V/C = 0.5 was selected for this purpose as typical
of the New EBngland hurricanes.

In order to obtain the second approximation it is necessary to evaluate
the entire field of the first approximations Y' and Z' on the x', t*-diagram.
So far we have indicated the method of evaluating Y* and Z' at the boundaries
only, For any point x', t in the field we can evaluate Y' and Z' from equations
(13 and (14). The procedure is rather time consuming since it requires evalua=
tion of integrals of y'1/2f along the characteristics for many different time
intervals, The additions and subtractions of the deduced fields of Y+ Z and
Y - Z can be done graphically by use of ‘transparent overlays, and the boundary
values of Y and Z can be taken into account in a similar manner. A complete
description of the procedure is beyond the scope of this report.

The results of the computations and sequence of graphical overlays for
the case of F/L = 1,0 and V/C = 0.5 are shown in Figs. 8 and 9, Contours of
2' are shown in Fiﬁé 8 ani/gontours of Y* in Fig. 9. These fields are except
for a factor of y~ or y , the relative fields of water level and flow.
The wind fetch is indicated in these figures by the straight dashed lines,

The computations are based upon hy/h] = 0.1 and the boundary conditions specified
earlier,
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Profiles of the relative water level at successive time intervals for
this case are shown in Fig. 15, the relative positions of the wind fetch
also being indicated., Only ‘the generation stage of the surge is repro-
duced in this figure, The relative water level was obtained from Z by
multiplying the latter by y'l/z, 1.4y (x/xl)'1/4.

The second approximation of Z at shore can be determined from the
equations

67) _d (Y** +z ') = 7Y ) 1 dy _
dte % (z Y*') along 3t Y

(68) d (¥Y'* - 2'") = __Z (z* + Y') along ‘1!1 R 4
dt* 2y dt

which come directly from equations (60) and (61)., These equations differ
from the form of (13) and (14) in that the terms on the right side of
equations (67) and (68) are different. Consequently in order to determine
Z,'*, two "force" fields must be constructed from the Y' and 2' fields.
The procedure of evaluating Z,"" is similar to that discussed in Section II=-5
except that the integration along the positive and negative characteristics
pertains to different "force" fields. Again the details of these computa-
tions are beyond the scope of this report. The results of the graphical
integrations for Z_ '', based upon the fields of Z' and Y' given in Figs.

8 and 9, leads to the dashed curve in Fig. 10, This is the sum of Z,' and
Zo''y i.e., the second approximation for Z,. The first approximation is
also shown for comparison.

As indicated earlier, the method of successive approximation breaks
down if carried over too large a range of t' since eventually the required
condition that Z'* << Z' is transcended. However at the position of the
peak, the value of Z,'f is of the order of 30 per cent of Zo' and hence
the second approximation is probably better than the first, up to the time
of the maximum., The exact value of the maximum Z, probably lies between the
two peaks indicated, but closer to that of the dashed curve.

The important thing shown by this analysis is that the resulting
second order correction for Z in the case of a moving fetch is of the
same order of magnitude and the same sign as that for the steady state case
for corresponding Q4.

4, Modified Condition at the gdge of the Shelf.

If the depth of the ocean is considered of finite deptb (h,) beyond
the shelf's edge, then it is possible for a surge of finite height to be
transmitted beyond the shelf's edge after reflection from shore. If we
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allow for finite Z at the edge of the shelf, and require continuity of
volume transport and water level at this position then we find that Z
and Y must be related by

_ /n
(69) z, = [h1 v
h,

at the edge of the shelf. This assumes that the surge beyond the edge
of the shelf is a one-dimensional free surge*. The condition of Z; = O
used in all of the previous calculations is a special case of (69) for
hy = o0 . If we take 1200 fathoms as an appropriate value for hy off
the New England shelf then the boundary condition becomes

(69a) Zy = 0.224 Yy
(where hy = 60 fathoms = 360 feet as used previously),

The effect of this modified edge-condition is shown in Figure 11 for
the case of F =1L, V=0,5C,., In the upper graph, the values of Z at shore
Zo and at the shelf's edge (Z;) are shown versus time t' (dashed curves).
The full curve corresponds to the condition of Z; = O, Notice that the
maximun value of Z_ is modified only slightly (about 10 per cent), however
the free seiche which occurs after the passage of the storm (at time t* = 4)
diminishes 'in amplitude considerably with each cycle for the modified edge
condition, The physical reason for this is that a significant amount of the
reflected energy from shore is being lost across the edge of the shelf,

The lower graph in Fig. 11 shows the variations in Y with time at
the edge of the shelf for the two different boundary conditions. The same
feature is noticed in these curves, that the difference between them is
small during the time that the wind fetch is over the shelf,

Thus it appears from this analysis that the simple boundary condition
(z; = 0) is evidently adejuate for establishing a satisfactory first approxi-
mation of the maximum water level, but gives a poor description of the
resurgences which follow, The effect of friction and of oblique reflectiors
of the surge at shore (which can only be dealt with in a two-dimensional
problem) undoubtedly have a similar effect, in that .energy losses from the
system occur, Thus energy can be lost by transmission to the deep water,
by dissipation (particularly at shore) and by transverse propagation out of
the region of shelf concerned. Such modifications should be ‘taken into
consideration in a more quantitative study of the water level,

* For a free surge in water of constant depth hy, Q = /ghy7 ; this is
applied at the position xj, thus giving eq. (69).
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V. THE RESPONSE DIAGRAM

1. First Approximation Response Diagram,

The values of maximum Z at shore, as determined from the first
approximation analysis for different combinations of F/L and V/C are
summarized in Tables 1-A, B under the heading Zp. The time of .occurrence
of the maximum water level at shore is denoted by t;. This is the elapsed
time divided by T reckoned from the time that the front_of the fetch
crosses the edge of the shelf, Graphs of tp' versus V/C for different
F/L are given in Figure 14, (page 38).

The time of occurrence of the maximum wind at shore is denoted by
tyw'sthis is given by

(1 + ) for finite fetch

£
2L
(70a,b) £

for uniform wind
(F and V very large)

The differences tp* - t,' are listed in Tables 1-A,B. These represent
the relative time of the maximum water stage at shore reckoned from the
time of peak wind.

The quantity At* in Tables 1-A, B represents the "half-life'" of the
initial surge at shore and is the time interval (divided by T) during which
the water stage at shore is greater than (or equal to) half of the maximum
value, Graphs of At® are given in Figure 22, and a schematic indicating how
At?' is measured is shown in the upper right portion of this figure. Values
of At?! were determined only for those cases for which a complete time plot of
Z was constructed. Some of the values are only approximate and are indicated
by numbers in parentheses in Tables 1=-A,B.

Graphs of the Z values versus VI/F for the five different finite
fetch lengths are presented in Figure 12, The limiting case of uniform wind
(effectively infinite F) is also included for comparison. The abscissa was
purposely selected as VI/F so that the limiting case could be included.
For most of the cases, the region of the graphs for small VI/F is not defined
quantitatively., The oscillatory character of Z_for small VI/F is well es=
tablished in the limiting case of infinite F and is indicated in the compu=-
tations for F/L = 0,5. For the other curves, an upper envelope curve has been
estimated which terminates at the appropriate steady state value (first
approximation value), and the inferred behaviour of the curves are indicated
by the dotted lines.

2. Modified Response Diagram.

Figure 12 in effect tonstitutes a first approximation response diagram.
As an improvement over this diagram the values of Zp were multiplied by a
correction factor r which depends upon fetch length. This factor is defined
as the ratio of the exact steady state solution to the first approximation
steady solution. The values for different fetch length are given in Table 2,
below.
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TABLE 1=-A

SUMMARY OF CALCULATIONS FOR FIRST APPROXIMATION VALUES OF Zp, TIME OF MAXIMUM, AND HALF LIFE OF SURGE

F/L = 0,5 1 F/L = 1.0 F/L = 2.0 F/L = 4,0 E/L = 8.0

v/C Zn th'-ty," At? Z, ty -ty at? Z, tpt-t,t Attt Z, ot t-t ' At? Zm  tp®-ty,' Ot
0 «470 - 00 (¢ o] ,702 =00 (o o] .961 =00 (¢o] 1,122 -0 o 1.22 - 00 0o
.125 .55 ~-1.4 3.40

<16 .61 - .62 3,06 .73 -1.87 5.0 11,02 - .52 7.00

.20 .45 - .26 4,13

.25 .50 - .40 2,79 .92 -1.20 =~ 1.08 -1.5 4,85

.278 .62 = 6 (2.35)

.40 .85 - .12 (1.43) | 1,23 - .55 = 1.38 - .8 2.46 | 1.27 -.50 4.70

.50 | .93 - .10 $96 | 1,28 - .20 1,42 |1.57 =~ .2 1.92] 1.26 -.40 -

667 ; 1.10 - .08 (.60) | 1.34 .05 - 1,66 Q - | 1.54 .10 -

.80 | 1.18 (- .04) .41 § 1.36 .07 (.65)] 1.60 0 - | 1.69 -.05 -
1.00 ; 1.20 0 .29 ; 1.33 .10 .60 | 1,50 .1 1.34 | 1.84 .10 1.78] 1.30 0 4.05
1.33 .85 .16 - 1.12 .18 - 1.34 .2 - | 1.66 .15 - 1.57 .05 2.48
1,60 = .58 .30 .39
1.72 | 1.69 .70 (2.14)
2.00 | .36 .43 452 | .64 .30 .57 | 1.02 .3 .78 | 1.38 .35 - 1.77 .40 1,85
2.50 i % 1.67 .80 (1.43)
4.00 ! o33 .12 .83 I .48 .3 .87 .80 .35 .93/ 1,25 .65 -




TABLE 1-B

SUMMARY OF CALCULATIONS FOR FIRST APPROXIMATION VALUES OF Zos
TIME OF MAXIMUM, AND HALF LIFE OF SURGE
UNIFORM WIND FIELD

(F =o00 )
VI/F 2 tpt -t At?
o0 1.280 .00 00
.0450 1,345 .40
0469 1.358 .53
.0490 1.353 .68
.0511 1.337 .81
.0536 1,305 .96
.0563 1.254 .99
.0592 1,257 .80
.0625 1.280 .00
L0662 1,337 .19
.0704 1.381 .37
.0750 1.403 .54
.0804 1.403 .71
.0866 1.376 .86
.0938 1,321 .98
.1023 1.229 .99
.1125 15377 .79
.125 1.280 .00
.141 1.402 .17
.161 1.512 .37
.188 1,588 .54
0225 1.616 .70
+250 1.612 18 1.90
.300 1,573 .89
+322 1,530 .92
.347 1.503 .94
373 1.444 .97
.409 1.373 .98
+450 1,276 .99
+ 500 1,150 .80
1,000 .650 .39 1.88
2.000 «370 .28
(o) .00 .00 2.00
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TABLE 2

CORRECTION FACTOR TO BE MULTIPLIED BY Z_ VALUES
| |
0 | 0.2 | 0.5 H 1.0 2.0 { 4.0 | 8.0 00

. A= | ;
r | 1.00 0,905 & 0.817 |
|

0.795 | 0.755 I 0.751 | 0.746 | 0.739
| |
The modified Zm values are denoted by the symbol S, i.e.,
(71) S=r i

These values are considered as better approximations to the true Z, values
and in fact are the exact Z in the steady state case. For the case of

F/L = 1,0, V/C = 0,5 which was investigated in some detail, the value of

S is 1.02 which is just slightly above the second approximation value for Zp,
(see Figure 10), This certainly substantiates the use of the correction
factor r for this case.

The final response diagram is given in Fig. 13, This shows isolines
of S on a graph of F/L versus V/C where it will be recalled that F
is the actual fetch length, L is the width of the shelf, V is the actual
velocity of the storm (assumed constant) and C is the mean free-wave
speed:

(72) C = -% (Vghg +\/ghy) )

The scales for F/L and V/C are logarithmic so that the limiting case of
uniform wind field (very large F) appear as straight isolines of S with
unit slope. The maximum value of S for the limiting case is slightly

less than 1,20. The important feature of this diagram is that the ultimate
maximum of S (hence of water level at shore) occurs at a finite fetch
length, the value of maximum S being just about 1.40,

The region where the secondary resonances in response occur is shown
by dashed lines, since the computations were insufficient in number to deter-
mine this phenomenon quantitatively, except for two limiting cases. These
secondary resonances are all less than that of the primary resonance at
F/L = 4, V/C = 1 and diminish in amplitude in the approach to steady state.
Steady state limits for S are indicated on the left hand margin of the
graph and apply strictly to the case where V = O,

3. Use of the Response Diagram,

From a knowledge of the tetch length F, the storm speed V, and the
shelf dimensions we can determine the appropriate value of S from Fig. 13.
The approximate maximum water level at shore is accordingly given by

(73) ﬂm , U%T (El ) V4
Cl ho
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It will be recalled that PU2 is the maximum value of shoreward wind stress
in the fetch. We can take this in the form

- 2
(74 U? = Ky

where K is a dimensionless coefficient and W_ is the maximum wind speed
(if the latter is directed towards shore), %he coefficient K is related
to the usual resistance coefficient * k by the relation

(75) K :P_‘l{_
P

where P ' is the density of air at sea level and P is the density of

sea water. The results of laboratory tests of wind stress and of the
experiments at Lake Okeechobee indicate that K is of the order of 3x10 .
The exact magnitude of this coefficient is not of immediate concern here,
but will be in later calculations concerning the design storm., The import-
ant assumption is that K is considered constant at least for wind speeds

of storm intensity.

Taking U% in the above form gives

(76) M = K'r_(h11/4 w?2s

If we select h = 36 feet, hy = 360 feet, L = 84 nautical miles, we obtain

23.1 mph

73.1 mph
48.1 mph
2.01 hours

= OL{”}OO
B

Taking K = 3%x10~° gives

-4

(77 M, E 7.7x107 wip? s

where 7 is in feet and W_ is in mph,

2
* Usually stress is expressed in the form T=p 'k .
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VI, EVALUATION OF STORM TIDE POTENTIAL FOR PAST STORMS

1. Evaluation of F and Wn.

In order to apply the present theory to an actual storm it is neces-
sary to determine the components of wind stress along a line normal to the
coast. Since it is assumed that the wind stress is proportional to W
(and in the same direction as W) it follows that the component of wind
stress in the x direction is given by

(78) T =P KW2 cos ©

where © is the angle between the wind vector and the x axis. Now since
W cos © is the component velocity of wind in the x direction (Wy) we can
write

(79) T = mex

Three hurricanes have been analysed in detail., The dates of these are
September 21, 1938, September 14, 1944, and August 30, 1954 (Carol). The
distributions of wind speeds and directions for these storms were ascertained
from data supplied by the Hydrometeorological Section of the Weather Bureau
in memoranda from Mr, C. S. Gilman to the Chief of Engineers dated November
18, December 1, and December 2, 1955. A graph of the mean variatiod of the
angley (Fig, 16) with radial distance r (established from the 1938 storm data,
by the Hydrometeorological Section) was used together with the angle @ to
determine appropriate values of © for calculating i,

v,/

/

Fetch Line
(x - Axis)

FIGURE 16 - SCHEMATIC OF STORM SHOWING ANGLES 9,¢ AND y
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For all three storms the fetch line was selected parallel to the
direction of motion and taken through the region of peak wind speed
(see Figure 20 as an example). Only in the case of the 1938 storm was
the path nearly normal to the coast, and in this case the chosen fetch
line does not line up directly with Narragansett Bay. However in order
to determine the most severe conditions for the particular storm in
question it is assumed that this fetch could have occurréd normal to the
coast off Narragansett Bay. Thus the resulting calculations lead to a
storm tide potential rather than an estimate of the tide for the parti-
cular path followed.

2., The Storm Tide Potentials,

The calculated values of W, for the three storms are shown in
Figs., 17, 18 and 19 (full lines)., The fitted model is shown by the dashed
lines, The departure from the model distribution at the rear of the storm
is not serious since the maximum water level occurs prior to the passage of
this section of the fetch at _shore. The value of W, pertaining to each
fitted curve was taken as V(W) max, The value of V for each storm was
taken as the mean propagational speed along the path for one day in the
vicinity of 410 North latitude. These were evaluated by the Hydrometeorological
Section of the Weather Bureau, Values of F, W,, and V are summarized in
Table 3. The quantites F/L and V/C were computed using L = 84 nautical
miles and C = 48 mph and the appropriate values of S were obtained from
Figure 13. The estimated storm tide potential as computed from equation (77)
is listed under 7] .

TABLE 3

COMPUTED STORM TIDE POTENTIALS

| - Vi v F/L v/C s |7
Hurricane | (n. mi.) (mph) (mph) j (?t)
| |
Sep. 1938 | 148 88 42 1.76 ~.88 1.16 | 6.9
Sep. 1944 124 84 33 1.48 .69 1.17 | 6.4
Aug. 1954 87 95 32 1.04 .67 1.08 | 7.5

The maximum tide observed in Newport Harbor for the 1938 hurricane was about
7.5 feet above predictec*, The effective head due to barometric pressure
lowering is about one foot which when subtracted from the above value gives
about 6.5 feet for the effect of wind and inertia of the water.,

For comparison with the above figures (Table 3), the most severe
conditions according to Figure 13 are for F = 340 nautical miles and V =

48 mph (42 knots) in which case § = 1,40, For W, = 100 mph this gives

* Supplemental Report onllurricane of September 21, 1938, Corps of
Engineers, U,S., Army, Providence, R.l., June 1939 (Figure of tide curve
for Newporty,
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a value of My equal to 10.8 feet above and beyond ordinary tide and low
pressure effects. Tt must be borme in mind that all of the values of My
given here apply to the open coast or bay mouth. ithin the bays additional
amplificztion will result from convergence and direct piling up by winds
over the shallow water of the bay.

3. Comparison of R and F,

Observed values of the distance (R) from storm center to region of
maxirum wind for the three hurricanes examined above were supplied by the
Hydrometcorological Section. These give the following values for the ratio
F/R: 2.47, 3.035 and 3,95 for the 1938, 1944, and 1954 hurricanes respectively.
This set is really insufficient for determining a reliable value of the ratio.
However if we take a mean of 3.4 then the R value which yields the greatest
storm tide potcntial for a storm of given peak wind speed is 100 nautical
miles,

4, Sugrested Mcthod for Selection of Most Severe Storm.

It was shown in lydrometeorological Report No. 32 (1934, p. 27) that
the maximum wind speed at gradient wind level in a hurricane is nearly pro=
portional toVvAp where Ap is the depression of central pressure below
normal. If we consider that . is likewise proportional tovAp then from
equation (77),

(80) M€ (Ap) s

For any given relative fetch lenpth (F/L), there exists an optimmn value
of V/C for maximun S. The function 5, (F/L), where S is such a maximum,
can be ascertained from Figure 13. For example if F/L = 1,0 then 5 is a
maximun at V/C = 0.8 and has the value 1.08; while if F/L = 2,0 then § is
a maximm at V/C = 0,05 and has the value 1.23,and etc.

If we consider that F is proportional to R and suppose that an
upper limit of R can be defined for a storm of given Ap from a scatter
diagram of R versus Ap for different hurricanes, then S_ can be estab=-
lished as a function of Ap, for a given shelf width L. Now if we.
evaluate the product Ap S, for different values of Ap we can determinme
the optimum value of Ap which gives a maximum value of the above pro=-
duct and hence of QTm' This optimum Ap together with the associated
R or F value could then be used as gross parameters by which to charac-
terize the most severe hurricanes in respect to coastal water level
according to the present theory.
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